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Metal-oxide-semiconductor capacitors and metal-oxide-semiconductor field-effect transistors with
ZrO2 gate dielectric were fabricated. The time dependent dielectric breakdown TDDB of ZrO2
capacitors was studied. It was observed that the Weibull slopes were independent of the capacitor
area. The Weibull slopes had no clear dependence on ZrO2 thickness. The TDDB of ZrO2 follows
the E model. The activation energy Ea was linearly dependent on the electric field and the field
acceleration parameter  is independent of temperature. © 2007 American Institute of Physics.
DOI: 10.1063/1.2723861
I. INTRODUCTION
Zirconium oxide ZrO2 is a potential candidate for
high-k dielectric applications. ZrO2 has large dielectric con-
stant 20–25,1–3 large energy band gap 5.4 eV, high break-
down electric field 7–15 MV/cm, and low leakage current.
Furthermore, with a concentration of 0.0162% in Earth’s
crystal rocks,4 zirconium is more abundant than hafnium,
which has a concentration of only 0.000 28%. There are rela-
tively few reports on ZrO2 gate dielectric applications.1–7
Chang and Lin5 showed that the transconductance gm of
n+-poly/ZrO2/ p-Si transistors was about 10−4 S. Yamaguchi
et al.6 reported a subthreshold swing St of 80 mV/decade
for n-type metal-oxide semiconductor NMOS. In our pre-
vious study, the maximum electron mobility of
Al/ZrO2/ p-Si transistors was about 255 cm2/V s and some-
what lower than that indicated by the universal model.7
There are relatively few studies on the reliability and stress-
induced leakage current mechanisms of ZrO2-gated transis-
tors.
In our previous work,8 the time dependent dielectric
breakdown TDDB of La2O3 capacitors was studied. In this
work, metal-oxide-semiconductor field-effect transistors
MOSFETs with ZrO2 gate dielectric were fabricated and
the TDDB characteristics were studied.
II. EXPERIMENT
p-type, 100 orientation, silicon wafers 1–10  cm
were used as the starting material. After standard RCA clean-
ing, the ZrO2 thin films were deposited by radio frequency
rf magnetron sputtering in argon ambience at room tem-
perature. The flow rate of argon was 13.5 SCCM SCCM
denotes cubic centimeter per minute at STP. The total pres-
sure during deposition was 23 mTorr. A rapid thermal an-
nealing was performed at 500 °C for 60 s in nitrogen with a
flow rate of 3 SCCM. The thickness, refractive index, and
energy band gap of ZrO2 thin films were measured using an
N&K ellipsometer.
The top aluminum electrodes were evaporated and pat-
terned using a wet etching process with H3PO4. Postmetalli-
zation annealing was performed at 400 °C in nitrogen ambi-
ence for 60 s. The channel width is 100 m and the channel
length varies from 3 to 20 m. The sputtered ZrO2 films
were examined by x-ray diffraction XRD, x-ray photoelec-
tron spectroscopy XPS, and secondary ion mass spectros-
copy SIMS. The thickness of ZrO2 films varies from
7.5 to 20 nm and the dielectric constant is 18.0 as measured
from separate metal-insulator-semiconductor MIS capaci-
tors. All the I-V and I-t measurements of Al/ZrO2/ p-Si
MOS capacitors and transistors were carried out using
Keithley 236.
III. RESULTS AND DISCUSSION
A. MOSFETs with ZrO2 gate dielectric
Figure 1 shows the IDS-VDS characteristics of n-channel
MOSFETs. Good IDS-VDS characteristics similar to those of
long-channel MOSFET with SiO2 gate oxide were observed.
The threshold voltage VT extracted in the linear region is
0.86 V. The maximum transconductance gm was about
7.010−5 A/V. The maximum electron mobility was
255 cm2/V s. The minimum subthreshold slope was
80 mV/decade. The Ion/ Ioff ratio was about 106 at VDS
=0.05 V, which indicates that the transistors have good cur-
rent switch capability.
B. Time dependent dielectric breakdown „TDDB…
Constant voltage tests were performed using MOS ca-
pacitors. In these tests, the top electrode was negatively bi-
ased to ensure that all the applied voltage is applied on the
gate dielectric layer. The time to breakdown is a statistically
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distributed quantity. The statistics of gate oxide breakdown is
usually described using the Weibull distribution,9
Ft = 1 − exp−  t

 , 1
where F is the cumulative fraction of breakdown devices, t is
the time to break down,  is the Weibull slope, and  is the
scale factor of the distribution.
Usually, ln−ln1−F is plotted as a function of t and
this will yield a straight line. Figures 2a and 2b show the
Weibull distributions with various applied voltages and ca-
pacitor areas for thicknesses of 7.5 nm EOT=1.6 nm and
20 nm EOT=4.3 nm, respectively. The basically parallel
slopes suggest that the Weibull slopes are independent of
stress voltage and capacitor area. The Weibull slopes are 1.1
and 1.4 for capacitors with ZrO2 thicknesses of 7.5 nm
EOT=1.6 nm and 20 nm EOT=4.3 nm, respectively. The
thicker film thickness has larger Weibull slope. This is be-
cause the breakdown path for thicker oxides consists of a
larger number of traps and the spread on the trap density
necessary to generate such a large path is smaller.9–11
C. The TDDB models
There are four current TDDB models, the thermochemi-
cal breakdown model E model,12–16 the hole-induced
breakdown model 1/E,17–19 the exponential VG model, and
the power law model.20,21 The E model can be expressed
as
14–16
t63 = A exp− EexpEakT , 2
where t63 is the time to 63% failure, A is a constant,  is the
field acceleration parameter, E is oxide field, Ea is thermal
activation energy, k is Boltzmann’s constant, and T is abso-
lute temperature. The E model was originally used as an
empirical relation12,13 but later interpreted using thermody-
namic theory and applied at electric fields close to or below
5 MV/cm.14–16 Other researchers17–19 have stated that the
breakdown is due to a hole-induced process. t63 should thus
be dependent on 1/E due to Fowler-Nordheim tunneling at
relatively high field usually E6 MV/cm22. This model is
referred to as the 1/E model and can be expressed as:16–18
t63 = 0 expGE expEakT , 3
where 0 and G are constants, E is oxide field, and Ea is
activation energy.
As the thickness of gate dielectric becomes ultrathin
	30 Å, the exponential VG model and the power law
model come to play.20,21 The exponential VG model demon-
strates that lnt63 should be linearly extrapolated as a func-
tion of VG based on the measurement of the stress-induced
leakage current SILC at a fixed low sense voltage. The
power law model suggests that t63 follows a power law be-
havior t63	V−n with a thickness-independent exponent
rather than the exponential law.
In this work, all four models were considered but E and
1/E models are further studied due to the fact that the thick-
ness of our gate dielectric layer is in the range between 7.5
and 20 nm and is not ultrathin. Figure 3a shows the TDDB
plot of the 1/E model. Figure 3b shows the E model which
has a better fit. Thus, the thermochemical breakdown model
FIG. 1. The IDS-VDS characteristics of n-MOSFETs with ZrO2 gate dielectric
at various gate voltages VGS.
FIG. 2. The TDDB Weibull plots of ZrO2 MOS capacitors with different
areas under different stress voltages. a The ZrO2 thickness is 7.5 nm. The
capacitor area is 1.2610−3 cm2. b The ZrO2 thickness is 20 nm. The
capacitor areas are 1.2610−3 and 3.1410−4 cm2.
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is better suited for TDDB of ZrO2 in the electric field of
3.6 MV/cm	E	5.6 MV/cm and in the temperature range
from 300 to 425 K.
D. Thermal activation energy Ea and field acceleration
parameter 
Figure 4 shows the Arrhenius plots of t63 as a function of
1/T. In the inset of Fig. 4, the activation energy Ea is ex-
pressed as
Ea = − 0.115Eox + 0.815 eV . 4
This activation energy is close to the range of SiO2 which
varies from 0.4 to 1.25 eV at similar stress fields around
5 MV/cm.23
The field acceleration parameter  can be obtained from
the slope of the lnt63 vs E curve. The different temperatures
give slightly different slopes. The average field acceleration
parameter  is about 3.2 cm/MV. The values of  have no
clear dependence on temperature. This is also in agreement
with the published result of SiO2.23 At room temperature, the
acceptable applied voltage for a 10 year lifetime is VG=
−2.3 V for ZrO2 capacitors with an area of 3.1410−4 cm2
at 25 °C.
IV. CONCLUSIONS
In summary, MOS capacitors and MOSFETs with ZrO2
gate dielectric were fabricated. The TDDB of ZrO2 MOS
capacitors as a function of electric field 3.6 MV/cm	E
	5.6 MV/cm and temperature 300 K	T	425 K is
studied. It is shown that the Weibull slopes are independent
of stress voltage and capacitor area. The thicker film thick-
ness gives larger Weibull slope. The TDDB of ZrO2 capaci-
tors follows the E model. The activation energy Ea is linearly
dependent on the electric field and the average field accel-
eration parameter  is about 3.2 cm/MV. The values of 
show no clear dependence on the temperature.
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